Abstract
INTRODUCTION
Surgical site infections (SSIs) related to methicillinresistant Staphylococcus aureus (MRSA) after cardiac surgery continue to cause substantial morbidity and mortality [1] [2] [3] . Therefore, the prevention of this feared complication, particularly in terms of antimicrobial prophylaxis, is a matter of discussion in the literature. The practice guidelines from the Society of Thoracic Surgeons on antibiotic prophylaxis in patients undergoing cardiac surgery suggests combining a β-lactam (cefazolin) with a glycopeptide (vancomycin) for antimicrobial prophylaxis in the scenario of an established "high incidence" of MRSA; a dose of 1 to 1.5 g or a weight-adjusted dose of 15 mg/kg of vancomycin administered intravenously over 1 h, with the infusion ending within 1 h from the incision of the skin, is recommended [4, 5] . Likewise, the 2011 guidelines of the American College of Cardiology and the American Heart Association recommend that vancomycin should be initiated 2 h before cardiac surgery and administered by a slow infusion [6] . However, a detailed protocol of administration with dose and levels of vancomycin to reach and maintain during the surgical procedure is still not reported.
In addition, evidence highlights that in the current practice there is often a gap between the duration of administration or timing of antimicrobial prophylaxis recommended in the guidelines and what is practiced [7, 8] ; this may increase the risk of potentially suboptimal serum vancomycin levels during surgery, jeopardizing the efficacy of antimicrobial prophylaxis. Indeed, low serum vancomycin concentrations-lower than 10 mg/Lseem to be related with the emergence of vancomycinresistant MRSA strains: vancomycin-resistant Staphylococcus aureus (VRSA), vancomycin-intermediate Staphylococcus aureus (VISA), and heteroresistant VISA (hVISA) [9] [10] [11] . To date, strains of VRSA, VISA, and hVISA have been reported from many countries, including the United States, Japan, Australia, France, Scotland, Brazil, Korea, Hong Kong, and others [10] [11] [12] . Our group has already analyzed intraoperative vancomycin pharmacokinetics (PK) in 236 patients undergoing cardiac surgery over a 1-year period [13] . In this study, and in the same study population, the incidence of potentially suboptimal vancomycin levels during cardiac surgery was investigated.
The primary objective of the present study was to investigate the incidence of vancomycin levels less than 10 mg/L during cardiac surgery. The secondary objective was to identify risk factors for intraoperative vancomycin levels less than 10 mg/L.
MATERIALS AND METHODS

Study design
Over a 1-year period, a prospective study was carried out in the Department of Cardiovascular Surgery of a 1200-bed tertiary care university hospital, where approximately 850 cardiac operations are performed every year. The study design has been described previously [13] . The inclusion criteria included adult patients undergoing cardiac surgery, who were receiving a single 1000 mg vancomycin dose as prophylaxis, diluted in 100 mL 0.9% NaCl solution and administered by intravenous infusion over 60 min, with a skin incision made between 16 and 120 min after the end of the vancomycin infusion, as recommended by Garey et al [14] . The exclusion criteria included hepatic dysfunction (bilirubin ≥ 2 mg/dL); renal dysfunction [creatinine > 1.5 mg/dL or creatinine clearance (CrCl) ≤ 30 mL/min, estimated by the Cockcroft-Gault formula]; infectious diseases that required antibiotic therapy 2 wk prior to the procedure; solid or hematologic tumors; severe insulin-dependent diabetes; a body mass index (BMI) < 17 or > 40 kg/ m 2 ; pregnancy or lactation; antibiotic, corticosteroid, or other immunosuppressive therapy; vancomycin or nonsteroidal anti-inflammatory drug therapy 2 wk prior to the procedure; chemotherapy or radiation therapy in the previous 6 mo; allergy to vancomycin or cefazolin; drug abuse; cardiac surgery in the previous 6 mo; previous or scheduled organ transplantation; a preoperative stay in the intensive care unit for more than 24 h; an emergency procedure or lack of adequate preparation for surgery; and participation in another trial.
Our protocol of antimicrobial prophylaxis is also designed for a single 1000 mg cefazolin dose, diluted in a 20 mL 0.9% NaCl solution, initiated 30 to 60 min before surgery and administered as a slow intravenous bolus. Three further doses of 1000 mg of cefazolin at 8-h intervals were given postoperatively, while no further doses of vancomycin were administered postoperatively. Since 2005, our protocol has allowed the choice to combine cefazolin with vancomycin for antimicrobial prophylaxis in patients undergoing cardiac surgery [13, 15] . The rationale for using vancomycin was due to an increased prevalence of MRSA infections, which exceeded 60% hospital-wide, and to the identification of isolates in cardiac surgery patients with SSIs. The vancomycin protocol and timing of administration were chosen based upon recommendations of our Hospital Infection Control Committee and guidelines from the Society of Thoracic Surgeons [5, 13, 15] . A healthcare provider (i.e., physician, nurse or cardiovascular technician) was required to document the exact time the antibiotic infusion was initiated, as well as anesthesiologists or cardiac surgeons who recorded the exact time of the first skin incision and skin closure.
The study protocol was reviewed and approved by our Institutional Ethics Committee (approval No. 0078553), and patients provided written informed consent before their enrollment. The work was conducted in compliance with the Institutional Review Board/Human Subjects Research Committee requirements.
Vancomycin assay and pharmacokinetic analysis
The vancomycin assay and PK analysis have been reported previously [13] .Briefly, for the on-pump group, arterial samples were drawn from the arterial catheter before cardiopulmonary bypass (CPB) [end of infusion maximum concentration (Cmax) and skin incision (Cincision)], during CPB (5, 30, 60 min after the CPB start, and subsequently every 60 min to the CPB end: C5, C30, C60, C120, C180, and C240), and after CPB [wound closure (Cclosure)]. For the off-pump group, some arterial samples (i.e., C5, C30, C60, C120, C180, and C240) were drawn and time-matched to the CPB period of the on-pump group.
According to the Centers for Disease Control and Prevention guidelines, the definition of SSI requires positive culture results of surgical sites or drainage from the mediastinal area or evidence of infection during surgical re-exploration or fever, sternal instability, and positive blood culture results [16] . SSIs were classified as (1) superficial (infection above the sternum with no bone involvement); (2) deep (infection involving the sternum and organ/space such as mediastinitis); and (3) leg donor site infections [16] .
Statistical analysis
The receiver operator characteristic (ROC) curve analysis was used to investigate the relationship between the duration of drug infusion and the occurrence of vancomycin concentrations under 10 mg/L. PK characteristics were compared between patients with vancomycin levels constantly above 10 mg/L and patients with at least 1 vancomycin level lower than 10 mg/L using the Fisher's exact test for categorical variables and the Mann-Whitney test for continuous ones. All reported P-values were obtained by the 2-sided exact method, at the conventional 5% significance level. A multivariate binary logistic model was used to predict risk factors for vancomycin levels less than 10 mg/L. Data were analyzed using R 3.4.0 (The R Foundation for Statistical Computing, Vienna, Austria http://www.R-project.org). The statistical methods of this study were reviewed by R Passera, a biomedical statistician.
RESULTS
Two hundred thirty-six cardiac surgery patients were enrolled in this study. The patients' characteristics are shown in Table 1 . During the study, 1682 serum vancomycin concentrations were measured, and 7 (median; range 6-9) blood samples per patient were collected. Vancomycin PK during cardiac surgery has been reported previously [13] . Out of the 1682 serum samples, vancomycin levels were lower than 10 Three SSIs were recorded (1.3%): one was a superficial wound infection, and 2 were deep wound infections; no SSIs were detected at the donor site. Pathogens isolated in SSIs included two gram-negative bacteria or fungi and one methicillin-sensitive Staphylococcus aureus. Figure 1 shows that, between the Cmax time and Cclose time, no vancomycin levels less than 10 mg/L were recorded in 122 out of 236 patients (52%) and that 114 out of 236 patients (48%) were found to have at least 1 sample with a vancomycin level < 10 mg/L. Fiftyfour out of 236 patients (22.9%) had at least 5 serum samples with vancomycin levels lower than 10 mg/L.
Vancomycin infusion was administered for 60 min in 97 out of 236 patients (41%). In 47 patients (20%), the duration of infusion was longer than 60 min, and in 92 patients (39%) the duration of infusion was shorter than 60 min ( Figure 2) .
The ROC curve analysis showed no influences of duration of drug infusion on the occurrence of vancomycin concentrations less than 10 mg/L. No significant relationships were found between the number of episodes of vancomycin levels less than 10 mg/L and the clusters of duration of infusion (P = 0.089).
No significant differences were observed in terms of the SSI rate between patients with vancomycin levels constantly above 10 mg/L (2 out of 3 cases) and patients with at least 1 level less than 10 mg/L (1 out of 3 cases).
Vancomycin PK parameters were estimated and compared between above versus under 10 mg/L patient groups (Table 2) : Cmax and the area under the concentration-time (AUC) curve were significantly higher in patients with no vancomycin level under 10 mg/L, while the apparent total body clearance (Cl) and the apparent volume of distribution during the terminal phase (Vd) were significantly higher in patients with at least 1 episode of vancomycin concentration under 10 mg/L.
The multivariate binary logistic model identified female gender, BMI higher than 25, and creatinine clearance above 70 mL/min as risk factors for vancomycin levels less than 10 mg/L (Tables 3 and 4) .
DISCUSSION
SSI is still one of the most serious complications after cardiac surgery, and one of the main strategies for prevention is the use of an appropriate antibiotic prophylaxis [17] . The spectrum of microorganisms related to SSIs varies among institutions; however, in the literature, MRSA and methicillin-resistant S. Epidermidis are the leading pathogens, and this brings attention to vancomycin as the prophylactic drug of choice [1] [2] [3] . Vancomycin has been one of the most investigated antimicrobial drugs as well as one of the most used antibiotics for the prevention and treatment of infections in which AUC is more effective than the drug level [10] . PK results of our study are in line with reports in the literature, even when administering vancomycin in the case of treating infections rather than antibiotic prophylaxis [10, 21] ; in particular, in our study, AUC was wider in the group of patients with no vancomycin levels less than 10 mg/L.
Larsson et al [22] simulated an in vitro model in which free vancomycin peak concentrations of 40, 20, 10, and 5 mg/L reported no significant difference in the corresponding bacterial kill curves for Staphylococcus aureus. On the other hand, to date, increasing evidence supports that Staphylococcus aureus exposure to trough serum concentrations of vancomycin lower than 10 mg/L can generate MRSA strains with vancomycinresistant characteristics [5, 10, 11, 23] . Sakoulas et al [24] have determined that the emergence of hVISA or VISA occurred when MRSA was exposed to suboptimal vancomycin concentrations (<10 mg/L); in this in in cardiac surgery [10] . Several studies have investigated the association between vancomycin use as an antimicrobial prophylactic drug and the rate of SSIs in this surgical population. Different studies have analyzed vancomycin PK during cardiac surgery and the effects of CPB on serum vancomycin concentrations [13, [18] [19] [20] . Other studies were carried out examining the timing of antibiotic prophylaxis, and in particular, the relationship between the end of vancomycin infusion and the first skin incision [14, 15] . However, to date, no general agreement exists regarding guidelines for the dose and duration of antimicrobial prophylaxis administration, and, particularly, the level of vancomycin to reach and maintain during the surgical procedure for effective antimicrobial prophylaxis. Moreover, whether or not suboptimal intraoperative vancomycin levels are a cause of postoperative SSIs is still controversial. Studies have suggested that vancomycin operates in a concentration-independent fashion 
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In conclusion, evidence in the literature suggests that the exposure to low vancomycin levels should be considered a risk factor in the selection of MRSA strains with vancomycin-resistant characteristics. The present study on vancomycin PK in cardiac surgery patients has reported an incidence of intraoperative potentially suboptimal concentrations of vancomycin in almost 50% of patients. Our data analysis shows that female gender, BMI higher than 25, and creatinine clearance above 70 mL/min were risk factors for potentially suboptimal concentrations of vancomycin. Overall, these findings call attention to the risk of potentially suboptimal serum concentrations of vancomycin during cardiac surgery. However, further studies are needed to better define the threshold level of serum intraoperative vancomycin concentration associated with the risk for the emergence of vancomycin resistance.
ARTICLE HIGHLIGHTS
Research background
Based on evidence suggesting that Staphylococcus aureus exposure to low vancomycin concentrations can produce vancomycin-resistant strains, it is recommended that trough therapeutic serum concentrations of vancomycin are maintained above 10 mg/L.
Research motivation
There are no recommendations in the literature indicating target vancomycin concentrations to maintain intraoperatively for effective antimicrobial prophylaxis.
Research objectives
The aim of this prospective study was to evaluate the incidence and risk factors for vancomycin concentrations under 10 mg/L in adult patients undergoing cardiac surgery.
Research methods
In this study, the frequency of suboptimal vancomycin levels intraoperatively was investigated in samples collected from cardiac surgery patients receiving a single 1000 mg vancomycin dose.
Research results
We found an incidence of intraoperative potentially suboptimal concentrations of vancomycin in almost 50% of these patients. The multivariate analysis identified female gender, body mass index > 25, and creatinine clearance above 70 mL/min as risk factors for vancomycin levels less than 10 mg/L.
Research conclusions
Although we arbitrarily considered vancomycin levels of 10 mg/L as a cut-off, the findings of our study are interesting because they suggest a high incidence of potentially suboptimal serum concentrations in the case of antimicrobial prophylaxis.
Research perspectives
Further studies will be necessary to define the cut-off of intraoperative vancomycin levels representing the optimal concentration of vancomycin for appropriate antimicrobial prophylaxis in patients undergoing cardiac surgery. increased from 1 to 8 mg/L. Tsuji et al [25] evaluated Staphylococcus aureus accessory gene regulator groups Ⅰ -Ⅳ exposed both to suboptimal and optimal vancomycin doses (1.5-10 mg/L) and reported that exposure to low vancomycin doses produced increases in the MIC to that of the VISA range.
In the present study, 114 out of 236 patients were found to have at least 1 value of vancomycin level lower than 10 mg/L between the Cmax time and Cclose time. The relatively small sample size and the low incidence of SSIs in this surgical population (1.3%, 3 out of 236 cases) make it difficult to obtain a significant relationship between vancomycin concentrations during surgery and the incidence of SSIs. However, this finding may be considered an indicator of the risk of selection of MRSA strains with vancomycin-resistant characteristics.
The multivariate analysis showed that female gender, BMI higher than 25, and creatinine clearance above 70 mL/min were risk factors for potentially suboptimal vancomycin concentrations. Regarding the BMI as a risk factor, our results are in line with other reports that highlight the efficacy of weightbased vancomycin dosing [26, 27] . Recently, the European Medicines Agency claimed that the starting dose of vancomycin by infusion should be calculated according to the age and weight of the patient [28] .
Strengths and limitations of the study
The study has many important characteristics. First of all, the results were obtained through a clinical trial and not from an analysis of a registry or database. Second, it was a prospective study. Third, only patients undergoing cardiac surgery were included. Fourth, information regarding antibiotic timing was gathered in "real-time" in the operating theater and not from the patient chart. Finally, the same protocol of antimicrobial prophylaxis was administered to all patients. Moreover, to the best of our knowledge, this is the first study investigating the incidence and risk factors for potentially suboptimal serum concentrations of vancomycin during cardiac surgery with such a large number of measured serum vancomycin concentrations (i.e., 1682).
This study has some limitations. First, no statistical analysis was performed on the number of patients enrolled since the study was planned by our statistician to be continuous over 12 mo. Second, it was a singlecenter trial. Third, we considered vancomycin levels of 10 mg/L as an arbitrary cut-off for potentially suboptimal serum concentrations when an antimicrobial prophylaxis has been administered, referring to the level reported in the literature in the case of antimicrobial therapy. Finally, a larger study should be carried out to investigate clinical variables; indeed, the number of subjects was appropriate for a pharmacokinetic study but insufficient to find statistically significant differences in the SSI rate between patient groups with vancomycin levels above or under 10 mg/L.
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